Arterial tissue-engineering techniques that have been reported previously typically involve long waiting times of several months while cells from the recipient are cultured to create the engineered vessel. In this study, we developed a different approach to arterial tissue engineering that can substantially reduce the waiting time for a graft. Tissue-engineered vessels (TEVs) were grown from banked porcine smooth muscle cells that were allogeneic to the intended recipient, using a biomimetic perfusion system. The engineered vessels were then decellularized, leaving behind the mechanically robust extracellular matrix of the graft wall. The acellular grafts were then seeded with cells that were derived from the intended recipient-either endothelial progenitor cells (EPC) or endothelial cell (EC)-on the graft lumen. TEV were then implanted as end-toside grafts in the porcine carotid artery, which is a rigorous testbed due to its tendency for graft occlusion. The EPC-and EC-seeded TEV all remained patent for 30 d in this study, whereas the contralateral control vein grafts were patent in only 3/8 implants. Going along with the improved patency, the cell-seeded TEV demonstrated less neointimal hyperplasia and fewer proliferating cells than did the vein grafts. Proteins in the mammalian target of rapamycin signaling pathway tended to be decreased in TEV compared with vein grafts, implicating this pathway in the TEV's resistance to occlusion from intimal hyperplasia. These results indicate that a readily available, decellularized tissue-engineered vessel can be seeded with autologous endothelial progenitor cells to provide a biological vascular graft that resists both clotting and intimal hyperplasia. In addition, these results show that engineered connective tissues can be grown from banked cells, rendered acellular, and then used for tissue regeneration in vivo.
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bypass graft | collagen | mechanical conditioning A rterial bypass graft implantation remains the primary therapy for patients with advanced cardiovascular disease. The ongoing need for arterial conduits is due to the poor clinical efficacy of existing synthetic grafts in small diameter artery applications (<6 mm) (1) . In addition, many patients with arterial disease lack adequate saphenous vein or other conduit for bypass procedures (2, 3) . Tissue-engineering approaches can be used to generate biologically based conduits to address the need for vascular grafts (4, 5) . In one approach, native vessels can be decellularized and/or cross-linked, and can serve as conduits for small diameter arterial grafting (6, 7) . However, procuring native allogeneic vessels for decellularization is a significant practical hurdle, which has heretofore limited the extensive application of such an approach. We report here the results of a large animal study of a tissue-engineered graft that is engineered from allogeneic cells, and is decellularized to provide a suitable matrix for endothelialization.
A viable endothelium is generally required to prevent thrombosis of small caliber vascular grafts in animal models, especially for decellularized vessels that are mostly comprised of collagen (8, 9) . The source of endothelium to coat the vascular graft could be obtained from a minimally invasive peripheral blood draw to harvest endothelial progenitor cells, as opposed to isolating endothelial cells from vein by a surgical procedure (10) (11) (12) . The approach of integrating a tissue-engineered vessel, decellularization, and an endothelial progenitor cell population has not been reported previously to the best of our knowledge. Decellularization of a completely tissue-engineered vessel could provide a designer vessel that could be stored like synthetic (e.g., Teflon or Dacron) materials and would be available when needed as a bypass graft (13) . The decellularization of a tissueengineered vessel is more efficient than engineering a vessel for an individual patient and eliminates the extended lead time for autologous vessel culture that may limit the widespread use completely autologous grafts (14) . In addition, demonstrating utility of an acellular, engineered connective tissue should point the way to producing other acellular tissues that may involve no culture, or only a short culture period for treating patients with a variety of connective tissue defects.
Results
Tissue-Engineered Vessel and Mechanical Properties. A biomimetic perfusion system was used to culture small diameter vessels, as reported ( Fig. 1A) (15, 16) . Aortic smooth muscle cells were cultured on a degradable polyglycolic acid mesh scaffold in bioreactors for 10 wk. At the conclusion of culture, the fresh tissue-engineered vessel had a robust, dense layer of smooth muscle cells with minimal residual scaffold polyglycolic acid (PGA) fibers ( Fig. 1 B and C) . The vessel wall thickness of the engineered vessels (442 ± 13 μm; n = 8) was not significantly different after decellularization (459 ± 17 μm; n = 8). Before decellularization, engineered tissues had 15-20 layers of smooth muscle cells interposed with layers of collagenous extracellular matrix. Few PGA polymer residuals were observed near the luminal aspects of the engineered vessels. After decellularization, nuclei were removed from the engineered vessels (Fig. 1D) , whereas collagen was found throughout the engineered and decellularized vessels ( Fig. 1 E and F) . The histological findings were confirmed by assays for DNA and collagen content. The DNA of the fresh vessel (5.7 ± 0.4% of dry weight; n = 8) was significantly reduced after decellularization (0.8 ± 0.05% dry weight; n = 8; P < 0.001). In contrast, the collagen content increased as a percentage of the dry weight after decellularization (69 ± 2.0; n = 8) compared with the fresh vessels (51 ± 2.4; n = 8; P < 0.001). Because the collagen matrix remains after decellularization and other cellular proteins are removed, the amount of collagen tends to increase as a percentage of dry weight after decellularization. The loss of cellular proteins was also evaluated by immunohistochemistry and Western blot analysis (Fig. S1 ).
On immunohistochemistry, major histocompatibility complex I (MHC-I) was removed after decellularization ( Fig. S1 A and B) . By Western blot analysis, the smooth muscle protein calponin, as well as β-actin and GAPDH, were removed after decellularization (Fig. S1C) . Hence, the decellularization method resulted in a loss of cellular components but retention of the collagenous extracellular matrix.
Porcine tissue-engineered vessels had mechanical properties that were comparable to human saphenous vein. The burst pressure of the fresh (1,337 ± 103 mm Hg; n = 4) and decellularized tissue-engineered vessels (1,300 ± 59; n = 6) were similar, and near the burst pressure of a human saphenous vein at 1,680 ± 307 (17) . The mechanical properties of the fresh and decellularized vessels were also compared by obtaining stressstrain curves (Fig. S2 ). Stress-strain curves for engineered and decellularized vessels were similar, although decellularized vessels had a somewhat lower ultimate tensile strength [fresh TEV, 1.44 ± 0.068 MPa (n = 2) and decellularized TEV, 1.03 ± 0.208 MPa (n = 4)]. Therefore, the mechanical properties, collagen content, and wall thickness of the decellularized engineered vessels were similar to engineered vessels and human saphenous vein.
Endothelial Progenitor Cells (EPCs) Isolated from Peripheral Blood.
Peripheral blood EPCs were isolated from pigs that were destined to received engineered grafts. EPCs exhibited characteristic endothelial properties by morphology, phenotype, and function. As shown by phase contrast microscopy, EPCs had a typical cobblestone morphology ( Fig. 2A ) that was similar to that of differentiated porcine endothelium (Fig. S3A) , which was also obtained from pigs destined to receive grafts. The EPCs uniformly expressed CD31 (platelet endothelial cell adhesion molecule-1; Fig. 2B ) and CD144 (vascular endothelial cadherin; Fig. 2C ). EPCs were also positive for von Willibrand factor (vWF) that was present as granules in the cytoplasm (Fig. 2D) . The functional characteristics of the EPCs were shown by the uptake of acetylated LDL (Fig. 2E ) and the formation of capillary-like tubes when cultured on Matrigel (Fig. 2F ). Flow cytometry verified the immunofluorescent staining with expression of CD31 (Fig. 2G) , and absence of hematopoietic marker CD45 (Fig. 2H) . After exposure to laminar shear stress of 15 dyne/cm 2 for 24 h, EPCs and differentiated endothelial cells (ECs) both showed an increase in eNOS protein (Fig. 2I) , which is expected for functional EC (18, 19) . Hence, the characteristics of porcine peripheral blood-derived EPC were similar in all ways assessed to differentiated porcine EC ( Fig. S3) (20, 21) .
Porcine Implantation. A porcine implantation model was used to assess the efficacy of the EC-or EPC-seeded decellularized engineered vessels as small diameter arterial grafts. As shown in the study outline (Fig. S4) , the preparation of the TEV for implantation included forming an engineered vessel, then decellu- larizing the tissue, harvesting ECs or EPCs from graft recipients, retroviral cell labeling with GFP, seeding the lumen of the decellularized tissue with labeled EC (or EPC), and then implanting the cell-seeded graft into the recipient carotid. The stability of the GFP-labeled EPC was evaluated in vitro over a 45-d period and 3-4 passages using flow cytometry, which showed that >99% of EPC were GFP + after 45 d (Fig. S5) . EC (or EPC) seeding onto the graft lumen resulted in an average percent coverage of 64 ± 9% (n = 5). A total of five cell-seeded vessels were implanted, including n = 3 for EPC-seeded engineered grafts and n = 2 for EC-seeded grafts. The control grafts for the study were nonseeded, decellularized matrices (n = 3) and internal jugular vein (n = 8). Aspirin and clopidogrel were given 1 d before surgery and continued for the duration of the study.
All grafts were implanted in the common carotid as end-toside grafts, to mimic clinical vascular bypass, for a 30-day period (Fig. 3A) . In vivo imaging by angiography or MRI was performed at 30 d, which was combined with histological analysis to assess patency (Fig. 3B) . The patency rate of the cell-seeded TEV vessels was 5/5 (EC-and EPC-seeded; Table 1 ), whereas the nonseeded TEV had a patency rate of 0/3, with histology revealing luminal clot likely due to exposure of host platelets to the collagenous TEV wall (Fig. S6B ). Explants of cell-seeded TEV demonstrated migration of host cells into the residual engineered matrix and minimal inflammatory response (Fig. 3C) . In contrast to cell-seeded TEV, vein grafts demonstrated substantial intimal hyperplasia in the 3/8 patent grafts (Fig. 3D and Fig. S6 C and D) and in most of the 5/8 occluded grafts. In 3/5 occluded vein grafts, there was significant intimal hyperplasia with a thrombosis in the remnant lumen (Fig. 5E ). The other two occluded vein grafts appeared to have failed by a thrombotic event that occurred before substantial intimal hyperplasia could develop.
An endothelial layer was found on all of the explanted cellseeded TEV, as indicated by vWF staining (Fig. 3F) . All of the cell-seeded TEV had α-actin-positive staining on the outside of the residual engineered vessel (Fig. 3G) , and two of the cellseeded engineered vessels also had α-actin positive staining in the neointima. In the two samples with α-actin-positive staining in the neointima, the inner and outer α-actin layers were separated by an α-actin negative region that was the residual TEV (Fig. S6A) . However, a vimentin stain for fibroblasts was positive in the residual TEV at 30 d (Fig. 3H) , indicating that although α-actin cells did not extensively repopulate the matrix by 30 d, there were notable numbers of fibroblasts in the matrix at that time. There was not a significant inflammatory response in the residual engineered vessels, as shown by sparse CD45 positive cells (Fig. 3I) .
The lumens of the cell-seeded engineered vessels stained positively for GFP-labeled EC or EPC before implantation (Fig. 3J) . At the 30-d explant point, GFP + cells were found in 4/5 cellseeded grafts and the luminal coverage ranged from 5% to 60%, with an average of 35% (Fig. 3K) . The non-GFP + endothelial cells on the TEVs (average 65%) were likely host-derived, because in vitro studies showed GFP retention by EC for at least 45 d. In addition, the GFP + cells were found only at the luminal surface and did not appear to migrate into the neointima or residual vessel matrix. Thus, the GFP + ECs and EPCs did not appear to contribute directly to any neointima in cell-seeded TEV.
Morphometric analysis quantified the graft differences of the explanted cell-seeded engineered grafts compared with vein grafts. The luminal area (Fig. 4A ) of the cell-seeded tissueengineered vessels (2.31 ± 0.49 mm 2 ; n = 5) tended to be larger than those of the vein grafts (1.22 ± 0.51 mm 2 ; n = 6), and the intimal area (Fig. 4B) of the cell-seeded TEV (1.32 ± 0.84 mm 2 ; n = 5) tended to be lower than that of the vein grafts (3.63 ± 0.59 mm 2 ; n = 6) (Fig. S7) . Although intima-to-media ratios are frequently reported when analyzing vein grafts, this approach does not directly apply to tissue-engineered vessels because there is no defined media. In the cell-seeded tissueengineered vessels, the neointima-to-residual engineered vessel ratio was 0.55 ± 0.34 (n = 5) compared with vein grafts with an intima-to-media ratio of 1.34 ± 0.34 (n = 6). All of the vein grafts with intimal hyperplasia (6/8) were included to quantify intimal hyperplasia and luminal (or residual luminal) area. Cellular proliferation in the neointima and the graft wall were evaluated by PCNA staining, which showed that vein grafts (25.4 ± 9.1; n = 6) appeared to have a greater number of proliferating cells per high power field in comparison with the cell-seeded TEV (13.3 ± 6.1) (Fig. 4C and Fig. S8 ). Although the proliferation rates (i.e., PCNA + cells as a fraction of total cells) in the vein grafts (19.1 ± 5.3; n = 6) were similar to the cell-seeded tissue-engineered vessels (18.6 ± 7.6; n = 6), there were overall greater number of cells in the vein grafts. Hence, the cell-seeded tissue-engineered vessels tended to have greater luminal area, less neointimal area, and fewer proliferating cells than did the vein grafts, all of which likely contributed to improved patency of the cell-seeded TEV. Although these observations did not reach statistical significance, the trends were entirely consistent.
The mammalian target of rapamycin (mTOR) signaling pathway has been implicated in cell proliferation of smooth muscle cells in vein grafts, and inhibitors of the mTORC1 complex have been shown to ameliorate intimal hyperplasia in vascular stents (22, 23) . To evaluate elements of the mTOR pathway in explanted specimens, midgraft segments of the cellseeded TEV and vein grafts were analyzed for the expression of the downstream effector phosphorylated p70S6K and the upstream activator phosphorylated Akt. By immunoblotting, the protein expression of p-p70S6K tended to be higher in the vein grafts than in the cell-seeded TEV, although this difference did not achieve significance {vein graft 3.6-fold greater than TEV [TEV 3,920 ± 1,096 optical density (OD), n = 5 and vein graft 14,124 ± 4,795 OD, n = 6]; Fig. 4D} . The expression of phosphorylated Akt was also somewhat higher in vein grafts than in engineered grafts [vein graft 1.8 fold greater than TEV (TEV 6,361 ± 468 OD, n = 5 and vein graft 11,602 ± 5,122 OD, n = 6); Fig. S9 ]. An increased expression of p-Akt tends to occur earlier than 4 wk in the development of hyperplasia (24), and so the difference in p-Akt may have been higher at 2 wk than at our 4-wk time point. Hence, decreased activation of the mTOR pathway in the TEVs compared with the vein grafts may have contributed to decreased neointimal hyperplasia and improved patency of the cell-seeded TEV.
Discussion
In the pig carotid model, the EPC-and EC-seeded TEV outperformed the vein graft by demonstrating a higher patency rate (100% vs. 38%) and a trend toward a lower neointimal response. The end-to-side graft implantation in the pig model is an accelerated intimal hyperplasia model, which typically results in lower patency rates than porcine interpositional vein grafts (25) . Although both the cell-seeded TEV and the vein grafts had an endothelial layer, there was a substantial difference in graft patency that correlated to the degree of intimal hyperplasia. Obviously, the tissue-engineered matrix is acellular, whereas the vein graft has a living smooth muscle layer that can contribute to neointimal thickening and luminal occlusion. In contrast, host cells appear to migrate slowly into the decellularized engineered matrix, perhaps retarding the formation of neointima. Activation of mTOR pathway proteins was less in engineered grafts compared with veins, and because the immunoblot data were normalized to β-actin expression, this observation means that p-Akt and p-p70S6k were lower for cells in engineered grafts compared with veins. The explant morphometric data, the cellular proliferation results, and the protein expression levels of the mTOR pathway all provide supportive data regarding the resistance of the cell-seeded tissue-engineered vessel to both intimal hyperplasia and to thrombotic occlusion.
Endothelial progenitor cells have been used to coat vascular grafts to produce an antithrombotic surface and prevent thrombosis (7, 8) . In vitro studies have shown that EPCs, even when harvested from patients with cardiovascular disease, support a similar antithrombotic phenotype to differentiated ECs when exposed to laminar shear stress (26) . The GFP + ECs and EPCs that survived over the 30-d implant period could have played a direct role in maintaining an antithrombotic surface, possibly through the local release of nitric oxide because the preconditioning to shear was shown to increase eNOS (27, 28) . The non-GFP + endothelial cells on the explanted cell-seeded TEV likely originated from adjacent ECs or circulating EPCs in the host. The EC labeling here demonstrated that the EC or EPC can be less than 100% confluent on the lumen at the time of implant and still maintain patency. However, the decellularized TEV occluded in this animal model if ECs or EPCs were not seeded onto the lumen.
The allogenic decellularized tissue-engineered matrix did not induce a substantial inflammatory response, which is important because an inflammatory response can contribute to stenosis (29, 30) . Although smooth muscle cells were not found in the residual matrix, there was a smooth muscle cell layer outside all of the engineered vessels at explant. Only two of the five cell-seeded engineered vessels had any neointima that was positive for smooth muscle cells, but even in those tissues, there was a separation of the neointima from the outer layer of smooth muscle cells. Hence, it is unlikely that smooth muscle cells in the neointima migrated from outside the graft, but instead may have been derived from adjacent host tissue at the anastomosis. In addition, a circulating bone marrow progenitor may have also contributed to the development of the neointima (31, 32) .
Intimal hyperplasia as a result of cellular proliferation is associated with the mTORC1 pathway and its downstream effector, p70S6K (33, 34) . The pharmacological inhibitor rapamycin has been shown to have an antiproliferative effect on vascular smooth muscle cells in vitro and in vivo and has been used to great clinical advantage with drug-eluting stents (23, 35) . In this study, phosphorylated p70S6K and Akt tended to have higher expression levels in the vein grafts than in the cell-seeded TEV. The higher expression level of p-p70S6K correlated with an increased number of proliferative cells in the vein graft compared with the cell-seeded TEV. This observation implies that differences in mTORC1 pathway activation may underlie the improvements in patency of the engineered grafts.
In summary, a tissue-engineered vessel can be decellularized to create a readily available engineered connective tissue. Because the engineered connective tissues (vessels) can be produced from allogeneic cells, the months-long process required to culture a collagen-rich and mechanically robust tissue is moved "off-line," not requiring cells from the actual recipient. EPC that are obtained by using a minimally invasive blood draw can be seeded onto such a graft, to result in a functional arterial prosthesis within only a few weeks. This decellularized tissue functions well as an arterial graft and is gradually remodeled in vivo by host cells. The paradigm of using allogeneic cells to engineer acellular connective tissues may find applicability in other areas of tissue engineering, thereby shortening the wait time for engineered replacements of other connective tissues.
Methods
Culture and Decellularization of Engineered Vessel. The bioreactor systems, cell seeding, and medium replenishment proceeded as described (15, 16, 36) . Briefly, the scaffold for the tissue-engineered vessel consisted of a PGA mesh (Concordia) that was sewn by using Dexon suture (Syneture) around a silicone tube (Saint Gobain) with an outer diameter of 4 mm and a length of 12 cm. A suspension of passage three aortic smooth muscle cells at a density of 12 × 10 6 cells were used to seed the PGA mesh. After 10 wk under pulsatile culture conditions in the bioreactor, the vessels were decellularized by using a two solution detergent process as described (13, 37) . The tissueengineered vessel was placed into the first decellularization solution containing 8 mM CHAPS (Sigma), 1 M NaCl (Sigma), and 25 mM EDTA (Boston Bioproducts) in PBS. The vessel was stirred for 1 h on a stirplate in an incubator at 37°C. The vessel was rinsed in PBS three times for 10 min each. The vessel was placed in a second decellularization solution containing 1.8 mM SDS (Sigma), 1 M NaCl (Sigma), and 25 mM EDTA (Boston Bioproducts) in PBS. Again, it was stirred for 1 h in an incubator at 37°C and rinsed in PBS three times for 10 min each. The vessel was rinsed in EBM-2 medium (Lonza, without hydrocortisone) with 10% FBS (HyClone) for 24 h in an incubator at 37°C and rinsed in PBS three times for 10 min each.
Isolation of ECs from Artery and EPCs from Peripheral Blood. ECs were isolated from the saphenous artery of 6-to 8-wk-old Yorkshire pigs by scraping the cells off the artery and plating on fibronectin-coated plates (BD Science), and culturing in EGM2 (Lonza, without hydrocortisone) (8, 11) . The EPCs were collected from the blood of 6-to 8-wk-old Yorkshire pigs. After the initial 5 mL of blood was discarded, 30 mL was collected and 1,000 U heparin was added. The mononuclear fragment was obtained by a Histopaque density gradient (Sigma) centrifugation at 400 × g for 30 min with the brake turned off. The cell pellet was washed three times in PBS and resuspended in EGM2 supplemented with 20% FBS (HyClone). The cell seeding density was 1 to 3 × 10 7 cells per well, and the wells were precoated with fibronectin. The medium was changed at 48 h, and was changed every 2 d thereafter until cell colonies appeared.
EC and EPC Labeling. ECs and EPCs were labeled with retroviral vectors expressing GFP (38) . Cells were infected at 20-30% confluence and again at 70-80% confluence. The infection was repeated for a total of four rounds. The cells were then sorted by flow cytometry for GFP expression, and then seeded onto the TEV.
Preconditioning of ECs or EPCs on the TEV. Vessels were placed in a flow chamber and seeded at a density of 2 × 10 5 EC or EPC cells per cm 2 by rotating the vessel 90°every 30 min. After 360°rotation (2 h), medium was replaced with fresh medium and remained static for another 2 h. Shear stress was calculated by using Poiseuille's equation: τ = 4 μQ/πr 3 , where τ is shear stress, μ is fluid viscosity, Q is medium flow rate, and r is radius of the vessel. Shear stress was started at 1 dyne/cm 2 for 2 d and gradually increased to 15 dynes/ cm 2 over 36 h. The vessels were maintained at 15 dynes/cm 2 for 24 h. The edge of each graft was analyzed for confluency by examining the luminal surface by staining for DAPI (Vector Labs) and F-actin (Invitrogen) and using ImageJ to quantify the coverage of the luminal area.
Porcine Implant Study. The implanation protocol was approved by the Institutional Animal Care and Use Committee of Yale and Duke universities in compliance with animal care and handling with the Guide for the Care and Use of Laboratory Animals published by National Institute of Health. One day before surgery, aspirin (5 mg/kg) and clopidogrel (1 mg/kg) were given. Aspirin and clopidogrel were continued daily over the 30-d study. At the time of implantation, heparin (100 IU/kg) was administered i.v. before arterial clamping. TEV (with or without cell seeding) were implanted by using 6-0 prolene as an end-to-side anastomosis to the common carotid artery. Vein grafts were autologous internal jugular vein and were implanted in the contralateral common carotid artery. Western Blot Analysis. Cell lysates were prepared as described and separated by SDS/PAGE and transferred to polyvinylidene (PVDF) membrane (39) . The following antibodies were used for Western blot analysis: eNOS (BD transduction laboratories), calponin (DAKO), GAPDH (Millipore), β-actin (Sigma), p-p70S6K (Cell Signaling), and p-AKT (Cell Signaling).
Vessel Characterization. Mechanical testing included burst pressure and suture retention and was described (15) . Stress-strain curves were obtained by placing hooks through a 4-mm ringlet and using an Instron (5800) with the cross-head speed set at 1 mm/sec. Collagen and DNA quantification was determined as described (37) .
Statistics. The properties (vessel thickness, collagen content, DNA quantification, and burst pressure) of the fresh and decellularized engineered vessels are expressed as mean ± SEM. Statistical significance was evaluated by using the unpaired Student t test. Statistical significance was evaluated by using the nonparametric Mann-Whitney test for the explanted vessel properties luminal area, intimal area, and protein expression).
